is The intracranial pressure-volume relationship of brain elasticity was examined in 20 patients with suspected disorders of the cerebrospinal fluid (CSF) system. Elasticity measurements were made as the patients were studied with a servo-controlled lumbar infusion technique to measure CSF absorptive capacity. The data were evaluated to determine the relationship between intracranial pressure (ICP) and volume, and betweert ICP variability and the level of ICP. The results confirm the exponential nature of the pressure-volume elasticity function in patients who are not critically ill. Eight of the 20 patients were shown to have normal CSF absorptive capacities, and there was no difference between their elasticity measurements and those of patients with absorptive defects. In addition, ICP variability was shown to be linearly related to the actual level of ICP.
T
HE intracranial pressure-volume function reflects the elastic properties of the brain parenchyma, the cerebrovascular bed, and the supporting dural structures within a rigid calvaria. The exponential nature of this relationship is well documented in the literature. 1-3,5,9,18 Extensive measurements of the pressure response to aliquot changes of ventricular volume have been made in critically ill neurosurgical patients? -8, 14 The volumepressure response (VPR) as described by Miller, et al .,e for use in patients involves measuring the pressure response to a 1-ml fluid aliquot added to or removed from the ventricle. It has been suggested that these elasticity measurements are useful clinical indicators of impending intracranial decompensation? ,e, 8 Similarly, elasticity calculations relating intracranial pulse pressure to intracranial pressure (ICP) have been reported to provide a potentially valuable clinical tool? 8 In a previous report based on pooled data from animal studies, TM we emphasized the physiological features of the pressure-volume function of brain elasticity. An exponential relationship between pressure and volume and a linear relationship between elastance (dP/dV) and pressure were shown in normal dogs by means of two techniques: rapid subarachnoid infusions and ventricular aliquot pertubations. It was argued that the steep part of the pressure-volume elasticity curve is a characteristic of physiology and not in itself indicative of intracranial decompensation. We have suggested that intracranial volume changes that result from the various mechanisms of spatial compensation are superimposed on the instantaneous pressure-volume function of brain elasticity. Brain elasticity measurements do not provide direct information about a patient's remaining compensatory abilities. Gradual volume changes are not associated with predicted elasticity pressure responses until compensatory processes fail. Although the elasticity function may well be altered by disease, we have questioned the clinical value of VPR measurements as a direct test of compensatory reserve, based on these theoretical considerations.
In the present study, we re-examine the physiological features of the pressure-volume relationship of brain elasticity in patients with diverse disorders of the ] 66 FIG. 1. Servo-controlled infusion circuitry. Fluid is infused and withdrawn through the Touhy lumbar puncture needle around a pressure recording catheter.
cerebrospinal fluid (CSF) system. Unlike many of the patients reported in the literature, those in the present study had no intracranial mass lesions and were not critically ill. A rapid constant-rate subarachnoid infusion/withdrawal technique was used to measure the elasticity slope, defined as the slope relating the natural logarithm of pressure to infusion volume. The clinical significance of the elasticity relationship is discussed.
Clinical Material and Methods
Pressure-volume measurements were made in 20 patients with presumed disorders of the CSF system. Clinical diagnoses included active communicating hydrocephalus, compensated hydrocephalus, arrested hydrocephalus, pseudotumor cerebri, and brain atrophy. The patients' ages ranged from 6 months to 63 years. Elasticity measurements were made simultaneous to manometric determinations of CSF dynamics with a servo-controlled variable-ratelumbar infusion technique, which determines the difference between rates of CSF absorption and formation as a function of intracranial pressure (ICP). The servocontrolled infusion technique has been described in detail in a previous report. TM The infusion circuitry is outlined in Fig. 1 , and the technique will be summarized briefly. The patients were lightly sedated with diazepam (Valium); a few patients required fentanyl supplementation (Sublimaze). Several infants were studied under general endotracheal anesthesia with nitrous oxide, muscle relaxants, and diazepam. The infants were positioned prone with their heads turned to one side. The older patients were studied in the lateral decubitus position.
A single lumbar puncture was performed with a large-gauge Touhy needle through which a catheter was advanced 4 to 6 cm into the subarachnoid space for measuring pressure. A Y-connector permitted the infusion or withdrawal of fluid through the needle around the pressure-recording catheter. Statham pressure transducers, zeroed at the intracranial sagittal midline, were used to record ICP and radial arterial pressure on a Sanborn polygraph.* A servocontrolled pump with a reciprocal syringe arrangement and a solenoid valve switching devicet was connected to a fluid reservoir of lactated Ringer's solution and to the Touhy needle for continuous infusion or withdrawal of fluid (Fig. 1) . A syringe position indicator measured the fluid volume delivered to the patient. Mean CSF pressure, mean blood pressure, and the syringe-volume data were sampled at 1-second intervals with a PDP 11/34 computer. The data were displayed on a Tektronix 4010 graphics terminal for analysis and editing.
In general, ICP was not allowed to exceed 20 to 30 mm Hg in small children and 45 mm Hg in the adults and older children. Radial arterial pressure was monitored continuously to maintain cerebral perfusion pressure in a safe range.
To determine CSF absorptive capacity, each patient was studied at multiple constant-pressure plateaus. The pump rate necessary to keep ICP constant at a given plateau was considered equivalent to the difference between the rates of CSF absorption (A) and formation (F). TM Net CSF absorptive capacity was calculated as the slope of the (A-F) versus ICP curve. In the course of an infusion study, ICP was changed abruptly from one pressure plateau to another by means of rapid constant-rate infusions or fluid withdrawals. From these data, elasticity calculations relating pressure and volume were determined.
For data analysis, the pressure and volume data were plotted as functions of time on the computer graphics terminal. The data were edited to exclude artifacts related to movement, coughing, or talking. At each constant-pressure plateau, the computer calculated the effective infusion rate and the mean ICP with the standard deviation of the mean ICP. In three patients, both mean and standard ICP measurements were made.
*Statham pressure transducers manufactured by Statham Instruments, Inc., Oxnard, California; Sanborn polygraph manufactured by Sanborn Co., Waltham, Massachusetts.
tServo-controlled pump with reciprocal syringe and solenoid valve switching device manufactured by Harvard Apparatus Co., Millis, Massachusetts.
When ICP was changed from one constant-pressure plateau to another by the rapid infusion or withdrawal of fluid, these data were fit to a linear model relating the natural logarithm of pressure and volume infused (or withdrawn) by the least-squares technique. The slope of this curve, that is, the elasticity slope, was calculated along with a coefficient of correlation.
Results
Pressure-volume calculations were made from the data of 27 infusion studies in 20 patients. Four patients were studied twice; one was studied four times. Four to 24 (average 11.6) rapid constant-rate infusion or withdrawals were carried out in each patient. Figure 2 left shows the original computer display of a typical infusion study. Without exception, the rapid constant-rate infusion data fit a linear model relating the natural logarithm of pressure and volume with statistical significance. The results are summarized in Table 1 . For each patient, the elasticity slopes from the rapid constant-rate infusions or withdrawals were averaged to provide a representative mean elasticity slope. Each individual trial was associated with a high coefficient of correlation; 86% of the 313 determinations had correlation coefficients greater than 0.900. In no instance was the significance level greater than p = 0.001.
Eight of the 20 patients were shown to have normal F. Sklar, C. W . B e y e r , Jr. a n d W. K. C l a r k CSF absorptive capacities, and these results are summarized in Table 1 . An absorptive capacity of 0.13 m l / m i n / m m Hg or less was considered abnormal, u There is no statistically significant difference between the elasticity slope values of the patients with CSF absorptive defects and the slope values of the patients with normal CSF dynamics (p > 0.5).
Five patients were evaluated with more than one infusion test. In all but one patient, the repeat mean value of the elasticity slope relating the natural logarithm of pressure to volume approximated the results of the original study. The remaining patient showed consistent slope values in three of the four studies.
At each constant-pressure plateau, the standard deviation of the mean ICP was determined (Fig. 2   left) . Seventeen of the 20 patients were found to have a statistically significant linear relationship between the standard deviation of the mean ICP and the level of ICP. An example is shown in Fig. 2 right, which represents the standard deviation of mean ICP versus ICP for the patient shown in Fig. 2 left. The results of the 27 infusion gtudies are summarized in Table 2 .
The calculated regression slopes from the 23 infusion studies in these 17 patients with a statistically significant linear relationship between the standard deviation of mean ICP and the level of ICP were compared to the elasticity slopes of the semilogarithmic 
Brain elasticity in man
pressure-volume function with the least-squares technique. Figure 3 suggests that these parameters fit a linear model (p < 0.02). In other words, patients who had larger elasticity slopes showed a steeper relationship between ICP variability and the level of ICP.
In three patients, both mean ICP and actual ICP were monitored by the computer and their respective standard deviations were calculated. Figure 4 summarizes these results, which indicate that the standard deviation of the mean ICP closely parallels the standard deviation of the actual ICP. ?NS = not significant.
Discussion
The results of the present study indicate that pressure is related to volume in an exponential fashion in patients with diverse intracranial pathology. None of the patients in the present series was acutely ill with his disease. Although a suspected abnormality of the CSF compartment was the clinical reason why each patient in this series was studied with the servocontrolled lumbar infusion technique, eight of the 20 patients were shown to have normal CSF absorptive capacities (12 of the 27 infusion studies). The exponential pressure-volume model fit the data equally well for both patient groups whether or not there was a CSF absorptive defect present. The elasticity slopes of the patients with abnormal CSF absorptive capacities were not significantly different from those of the patients with normal CSF dynamics. These results support the thesis that the exponential nature of the pressure-volume relationship of brain elasticity is a feature of physiology rather than an expression of disease. The pressure-volume data of Shulman and Marmarou 9 from hydrocephalic children also support this concept. In contrast, the clinical measurements of data from critically ill neurosurgical patients. It is concluded that a simple exponential mathematical model relating the instantaneous pressure response to a sudden volume change is applicable both under conditions of physiology and pathology.
In the present series, each patient was studied at numerous constant-pressure plateaus in order to measure CSF dynamics as a function of ICP. 12 Each pressure plateau was held for 3 to 15 minutes, and the average value of the mean ICP was determined, along with its standard deviation. For each patient, it was possible to examine the standard deviation of the mean pressure as a function of mean ICP. In all but three patients (23 infusion studies), the data fit a linear model relating the standard deviation of mean pressure to mean ICP with statistical significance. However, it is possible that the standard deviation of the mean pressure value may have been an inaccurate indicator of the actual pressure variations. The servocontrolled infusion technique required mean ICP measurements to minimize pressure oscillations, and the mean value of the CSF pressure was electronically determined prior to computer sampling. Accordingly, in three patients, both the standard deviation of the mean ICP and the standard deviation of the actual ICP were measured, and these parameters appear to be closely related (Fig. 4) . It is therefore concluded that the variability of ICP is directly proportional to the actual level of ICP.
The significance of this observation is twofold, as it relates to 1) the usefulness of ICP variability measurements to indicate impending intracranial decompensation, and 2) the accuracy of aliquot techniques to determine elastance measurements in patients.
First, monitoring standard deviation of the mean ICP has been suggested to be a sensitive indicator of impending intracranial decompensation? ~ The present Second, methods to measure intracranial elastance by adding or removing small volumes of ventricular fluid may be subject to significant error. Measurements of VPR as described by Miller, would be predicted to show greater error and variability at high pressures than at low 0nes. It is questionable whether single or even several measurements of elastance or VPR can indicate an entire pressure-volume curve unless a wide range of pressures is studied. From the mathematics of the exponential pressure-volume relationship, one would predict elastance (dP/dV) to be linearly related to pressure, and this has been confirmed with aliquot experiments in normal dogs. TM Thus, elevated VPR under conditions of intracranial hypertension is to be expected. But isolated VPR measurements must be scrutinized. Errors related to this variability problem associated with the VPR technique likely account for the inability of Miller, et al., 7 to demonstrate the expected linear relationship between VPR and pressure in hydrocephalic patients. It is suggested that the rapid constant-rate infusion method provides a more descriptive measure of the elasticity relationship.
On the other hand, with a computer-monitoring technique, Szewczykowski, et aL, TM made elasticity measurements by considering the intracranial pulse amplitude as a linear function of pressure. This technique is attractive in that volume pertubations are not required, but there must be significant spontaneous ICP changes in order to evaluate the elasticity function with accuracy. Furthermore, changes in the various cardiorespiratory parameters will influence physiological intracranial volume changes and secondarily alter the pulse pressure and elasticity calculations. Nevertheless, this method of monitoring intracranial elasticity seems promising.
What is the clinical significance of the elasticity pressure-volume function? Certainly it would not be surprising for the relationship to show changes under various pathological conditions. For instance, the elasticity slope has been suggested to vary in a linear fashion with ventricular size. 1~ However, the assertion that elasticity measurements provide useful clinical information about a patient's compensatory reserve remains to be proven. It is necessary to emphasize that elasticity measurements such as the VPR of Miller, et aL, [4] [5] [6] [7] [8] give no direct information about spatial compensatory capacities, but rather describe the instantaneous pressure response to a sudden volume change. Alterations of CSF dynamics, fluid shifts from the head to the spinal compartment, and displacement of venous blood from the intracranial vascular bed are said to be the mechanisms of spatial compensation for an expanding mass lesion. Each of these processes is a time-dependent phenomenon, and the resulting pressure adjustments are superimposed on the always present instantaneous elasticity pressure-volume function. When these compensatory mechanisms fail, gradual volume changes are indeed associated with pressure responses that follow the basic exponential elasticity model. TM Volume-pressure response is a measurement of brain elasticity, and does not give direct information about the status of the "various mechanisms for spatial compensation. The time delay required for ICP to return to baseline pressure after the addition of a fluid aliquot may provide more direct information about compensatory reserve.
